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Review Article 
Clockworks in the Central and Peripheral Organs: from Clock-related 
Genes to the Physiological and Pathological Rhythms
Takahiro MORIYA, Kazuyuki SHINOHARA
Division of Neurobiology and Behavior, Department of Translational Medical Sciences, Course of Medical and Dental Sciences, Nagasaki 
University, Graduate School of Biomedical Sciences
  Daily rhythms such as sleep-wake, feeding, and the core 
body temperature, persist with a period of approximately 
24 hr even in the absence of environmental time cues, sug-
gesting the existence of an endogenous time-keeping sys-
tem, the circadian clock. In mammals, the circadian clock is 
located in the suprachiasmatic nucleus of the hypothalamus 
(SCN). Recently, a number of studies have revealed that 
circadian oscillations in the SCN are driven by the intracel-
lular transcriptional and post-translational negative feed-
back loop formed by several clock-related genes such as 
Period (Per) and clock genes. Surprisingly, this feedback 
loop was found in many peripheral organs, indicating that 
the physiological and pathological rhythms in the periph-
eral organs were generated by the local clock in the pe-
ripheral organs, which synchronize to the central clock in 
the SCN. In addition several humoral factors seem to medi-                                          aa, 
ate communication between the central and peripheral 
clocks. Furthermore, the transcription of some genes encod-
ing the disease risk factors were found to be directly regu-
lated by the clock genes, suggesting the possible involve-
ment of clock genes in the onset of some diseases. In this 
article, we review the current view on the molecular 
mechanism underlying circadian oscillations in the central 
clock within the SCN and the local clock in the peripheral 
and discuss the relationship between clock genes, and 
physiological and pathological rhythm.
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Introduction
 When stay up over the whole day, we often feel 
that arousal levels or drowsy state change in a 24 hr 
period. These daily physiological rhythms are called 
as the circadian (circ=about, dian=day=24hr) rhythms, 
since these rhythms persist with approximately 24 hrs 
under conditions without environmental timing cues. 
In addition, a lot of physiological functions such as 
body temperature, heart rate, energy metabolism, cell 
proliferation and plasma hormone levels are known to 
exhibit icirn vUian. a 7-~~~mans l Anchoff t 1           1111 ca rhythms in humans 11101.111111 1. U al., 
1971). Furthermore, the clinical studies revealed that 
the various diseases including hypertensions, cardiac 
diseases, strokes and asthma occur frequently at pref-
erence time of a day (Kessler, 2002). 
 Through the 1970's to the early 1980's, it was estab-
lished that in mammals circadian clock is located in the 
suprachiasmatic nucleus (SCN) of the hypothalamus 
(Ralph et al., 1990), based on the evidence that (1) the 
surgical lesion of the SCN abolished the daily rhythms 
(Moore and Eichler, 1972), (2) the SCN graft restored 
the daily rhythms in the animals which had been ar-
rhythmic by the SCN lesion (Silver et al., 1990) and (3) 
the SCN in vitro isolated from other nucleus exhibited 
circadian rhythms in the firing frequency (Shibata et al., 
1982) and the energy metabolism (Rosenwasser et al., 
1985). It is also known that environmental timing cues 
entrain or reset the circadian rhythms generated within 
the SCN to the exact 24 hr period (Inouye and Shibata, 
1994) and the strongest entrainable factor is daily light-
dark cycles i.e., photic information. 
 On the other hand, it has been reported that some 
physiological functions show circadian rhythms in a 
SCN-independent manner. For example, the circadian
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variation of the epidermal cell proliferation or intesti-
nal enzymes activities in the intestinal tract persists 
in the absence of the SCN and rather strongly entrains 
to a circadian feeding schedule within a range of 23-
30 hr (Qiu et al., 1994). The existence of these SCN-
independent rhythms presumed circadian oscillators so 
called "local clock" outside the SCN. 
 In 1997, two clock-related genes in mammalians were 
identified; one gene named "clock" was cloned by the 
positional cloning using chemically mutated mice (clock 
mutant mice) (King et al., 1997) and another is Period] 
(Per]) gene which was cloned as mammalian ortholog 
of the fruit fly clock-related genes, Per (Tei et al., 
1997). At present, a lot of studies have described the 
core clock mechanism involving a transcriptional and 
translational negative-feedback loop (King and Takahashi, 
2000) in which the transcription of three Per genes 
[Per] (Shigeyoshi et al., 1997; Sun et al., 1997), Per2 
(Shearman et al., 1997), Per3 (Takumi et al., 1998; 
Zylka et al., 1998)] are driven by the CLOCK:BMAL1 
complex and negatively regulated directly by the Per
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Figure 1. A Schema demonstrating the intracellular molecu-
lar mechanism, in which positive elements (Clock, NPAS2, 
BMAL1, BMAL2) and negative elements (Per], Per2, Per3, 
Cry], Cry2) of clock-related genes interact transcriptionally 
and post-translationally. Each Protein products of positive and 
negative elements is shown by circles and triangles, respec-
tively. The transcription of the negative element genes are 
driven by the heterodimer complex of the positive element 
genes products and the negative elements proteins gradually 
accumulate in the cytosol followed by translocate into the 
nucleus and shut down their own transcription. Some output 
genes contains the consensus sequence of positive element 
heterodimer complex and its mRNA as well as peptide prod-
uct levels was rhythmically regulated.
proteins and the products of two cryptochrome genes 
(Cry] and Cry2) (Kume et al., 1999) (Fig. 1). Surprisingly, 
this feedback loop was found to function not only in 
the SCN but also in many peripheral organs. Therefore, 
one can assumed that the whole organism has both the 
central clock located in the SCN and the local clock in 
the peripheral organs. The central clock transmits the 
time-of-day information to the whole body and syn-
chronizes to the environmental time cure. The local 
clock directly regulates the physiological functions of 
peripheral organs and synchronizes to the central clock 
in the SCN. 
 In this article, we first discussed the molecular 
mechanism underlying the circadian rhythm in the 
central clock in the SCN and its entrainable mecha-
nism to the light-dark cycle. Secondary, we summa-
rized the most recent studies on mechanisms of the 
local clock in the peripheral organs such as the liver 
and the heart. Finally, we mentioned about the feed-
back-regulation of the central clock by the humoral 
factors released from the local clock in the peripheral 
organs.
Molecular mechanisms underlying the circadian 
oscillation and the photic entrainment in the 
central clock within the SCN
 It is becoming clear that the core clock machinery 
can be explained by interactions among the several 
cl oclr-related genes at both the tr anscr iptional and post-
translational levels (King and Takahashi, 2000) (Fig. 
1). The clock-related genes are divided into two groups; 
one is negative element genes, including Per] (Shigeyoshi 
et al., 1997; Sun et al., 1997), Per2 (Shearman et al., 
1997), Per3 (Takumi et al., 1998; Zylka et al., 1998), 
Cryl, Cry2 (Kume et al., 1999), Dec] and Dec2 (Honma 
et al., 2002) and the other clock-related genes are posi-
tive element genes, such as clock (King et al., 1997), 
Npas2 (Zhou et al., 1997), Bmall (Ikeda and Nomura, 
1997) and Bmal2 (Maemura et al., 2000). The tran-
scription of the negative element genes such as Per 
and Cry are driven by the heterodimer complex 
formed by the protein products of the positive ele-
ment genes, such as CLOCK and BMAL 1. As a result, 
Per and Cry proteins gradually accumulate in the 
cytosol followed by translocate into the nucleus and 
act as the transcriptional suppressors of the positive 
elements to shut down their own transcription (Fig. 1). 
In fact, Per and Cry mRNA levels exhibited robust 
circadian rhythms with a peak during daytime and a 
trough during the night in the SCN of mice 
(Shearman et al., 1997; Sun et al., 1997; Takumi et al., 
1998; Tei et al., 1997), rats (Yan et al., 1999), and
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hamsters (Maywood et al., 1999; Messager et al., 1999). 
Furthermore, gene targeting mice of Pert, Per2, Cry], 
Cry2, Clock, Bmall showed arrhythmic or abnormal 
rhythmicity with periods shorter or longer than 24 hr 
(Vitaterna et al., 1994; van der Horst et al., 1999; 
Bunger et al., 2000; Zheng et al., 2001). Therefore this 
feedback loop formed by the clock-related genes may 
be involved in circadian oscillations in the SCN. 
 Light stimulation phase-shifts locomotor activity 
rhythms only when the stimulation is applied during 
the subjective night. A transient increase in Per] and 
Per2 mRNAs, but not Per3 mRNA in the SCN is elic-
ited only by photic stimulation applied in during the 
subjective night (Fig. 2) (Shigeyoshi et al., 1997; Zylka 
et al., 1998). Furthermore, central administration of an 
antisense oligonucleotide targeting Perl mRNA inhib-
ited the light pulse-induced phase shift of locomotor 
activity rhythm in vivo as well as the glutamate-
induced phase shift of neuronal firing rhythms in vitro 
(Akiyama et al., 1999). All results taken together, it is 
suggested that Perl gene is closely related with photic 
entrainment.
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to the SCN neurons, so called "retinohypothalamic 
tract (RHT)". The RHT is known to possess glutamate 
and pituitary adenylate cyclase-activating polypeptide 
(PACAP) as neurotransmitters. When administrated to 
the SCN, both glutamate and PACAP reset the behav-
ioral rhythms in vivo as well as the neuronal firing 
rhythm in vitro in a phase-dependent-manner similar 
to light-induced phase shifts (Akiyama et al., 1999; 
Harrington et al., 1999). In addition, it was reported 
that the antagonists of glutamate or PACAP receptors 
suppressed the light pulse-induced phase shifts of behav-
ioral rhythms (Harrington et al., 1999; Moriya et al., 
2000). Therefore both glutamate and PACAP may be 
released from the nerve terminal of the RHT upon 
light stimulation and cause the photic entrainment of 
the circadian clock in the SCN. Glutamate receptors are 
divided into three major subtypes; that is, N-methyl-D-
aspartate (NMDA), alpha-amino-3-hydroxy-5-methyl-4-
isoxazole propionate (AMPA)/kainic acid (KA), and 
metabotropic receptors. NMDA receptors were proved 
to be principally involved in photic resetting of the 
circadian clock, although all three types of glutamate 
receptors are expressed in the SCN. We demonstrated 
that the activation of NMDA receptor is a critical step 
for photic induction of Per] and Per2 transcripts in 
the SCN, which are linked to a photic behavioral 
entrainment (Moriya et al., 2000). Also, PACAP elicited 
an induction of Per expression in the SCN and its 
dose-dependency was well associated with that of the 
phase resetting of the behavioral activity rhythm 
(Minami et al., 2002). A receptor for PACAP, denoted 
as PAC(1), exists in six variant forms. Recently, we re-
ported that the three PAC(1) variants (PAC(1)short, 
PAC(1)hip, and PAC(1)hop l) were densely expressed in 
the SCN and, interestingly, the levels of only 
PAC(1)short mRNA exhibited a circadian rhythm with 
a peak during early daytime (Shinohara et al., 2002). 
These results suggested that the sensitivity of the 
circadian clock to the phtotic entranable stimuli is di-
rectly regulated by the circadian clock, which might 
serve facilitate the photic entrainment.
Figure 2. Representative autoradiography showing that the 
brief exposure to light elicits the induction of Perl and Per2, but 
not Per3 mRNA in the SCN, which houses the central 
circadian clock. Hamster which had been kept under con-
stant darkness conditions were exposed to light pulse (60 
lux, 15 min) and were killed 90 min after. The levels of Per] 
, Per2 and Per3 mRNA were determined by in situ hybridiza-
tion method using 33P. Scale bar indicates 1 mm. 
 Photic entrainable signals are mediated via a 
monosynaptic afferent from the retina ganglion cells
Circadian oscillation, synchronization and out-
put mechanism of the local clock in the periph-
eral organs 
 One of the most surprising findings in the studies 
on clock genes expression is that clock genes such as 
Per and Bmall mRNA were abundantly expressed in 
the almost all peripheral organs with clear circadian 
rhythmicity (Zylka et al., 1998). Furthermore, Schibler 
and his colleagues (1998) demonstrated that the 
circadian expression of Per] and Per2 genes was also
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observed in the cultured cell lines such as rat-1 
fibroblasts or H35 hepatoma cells by treatments with 
high concentrations of serum (Balsalobre et al., 1998). 
In addition, the circadian rhythms in the luminescence 
were observed in the acute organ culture including 
liver, lung, and skeletal muscle from the Perl 
promoter:luciferase transgenic rat (Yamazaki et al., 
2000). These reports suggested that cells outside the 
SCN also possess the circadian oscillatory systems, 
which is called as the local clock. On the other hand, 
Sakamoto et al. (1998) demonstrated that circadian 
rhythms of Per2 gene expression in the heart and ret-
ina of rats were abolished after SCN lesions, indicat-
ing circadian rhythms in Per expression in the periph-
eral organs may be primarily driven by the SCN. 
Therefore the local clock may be a damped oscillator 
and was driven by time-of-day signals from the cen-
tral clock in the SCN. 
 What is the time-of-day signal(s) from the SCN which 
synchronize or entrain the local clock in the periph-
eral organs? Using cultured vascular smooth muscle 
cell model, two groups reported the candidates for 
the signals. Nonaka et al. (2001) demonstrated that 
the treatment of vascular smooth muscles cells with 
angiotensin II, a well-known vasoconstrictor, elicited a 
synchronous cycling of Per2 and Bmall mRNAs with 
a period of approximately 24 hr via angiotensin II 
type l receptors. On the other hand, retinoic acid 
phase-shifted the circadian rhythms in the clock genes 
in a phase-dependent manner via a hormone-dependent 
complex formation of retinoic acid nuclear receptors, 
RARa and RXRa, with the positive element of clock-
related genes such as CLOCK (McNamara et al., 2001). 
These studies suggested that several humoral factors 
cooperatively entrain the local clock in the peripheral 
tissues. 
 On the other hand, Damiola and his colleagues 
(2000) and Hara and his colleagues (2001) independ-
ently demonstrated that the feeding acts as the strong 
entrainer of the local clock in the peripheral organs. 
Nocturnal animals (rat or mouse) are known to eat 
more than 90% of total feed during the nighttime. 
When animals are allowed to eat only during the lim-
ited time of the daytime for a week, the phase of 
circadian rhythms in clock genes in peripheral organs 
such as liver, heart, kidney and pancreas were in-
verted. On the other hand, Per mRNA expression 
rhythms in the SCN were not affected by this daytime 
feeding schedule, suggesting that the desynchronization 
between the central clock in the SCN and the local 
clock in peripheral organs occurred under inverted 
feeding schedule. Because the feeding is known to 
change a lot of physiological parameters including the
body temperature, the plasma nutrient, hormone levels 
and cellular energy conditions, some parameters of them 
may entrain the local clock. The binding activity of 
CLOCK and NPAS2 proteins to the promoter regions 
of the negative element genes appear to be highly de-
pendent on the NAD(P)H/NAD(P)+ ratio, which is 
drastically changed after feeding, suggesting that the 
cellular energy conditions may entrain the local clock 
in the peripheral organs (Rutter et al., 2001). On the 
other hand, Terazono et al. (2003) reported the possi-
bility that the sympathetic nerve systems mediate the 
feeding entrainment. Daily adrenaline injections to the 
mice during the daytime caused the expression 
rhythm of Per mRNA in the liver similar to that in 
the restricted feeding schedule. Furthermore, electric 
stimulations of sympathetic nerve fibers innervating 
the liver resulted in the acute induction of Per genes 
in this organ. 
 Many physiological and pathological rhythms seem 
to be under the direct or indirect control of the local 
clock. Vasopressin promotor contains the consensus 
sequence of CLOCK:BMAL1 transcription factor and 
its mRNA levels was rhythmically regulated by the 
feed back loop consisting of clock-related genes (Jin et 
al., 1999) (Table 1). Many peripheral organs are ex-
posed to disease risk factors. Recently, Maemura et al. 
(2000) have shown that plasminogen activator inhibitor-
1 (PAI-1) gene was a direct target of CLOCK:CLIF 
(alas BMAL2) heterodimer complex and its transcrip-
tion showed the circadian rhythmicity in the vascular 
endothelial cells (Table 1). Considering that the peak 
time of PAI-1 activity rhythm coincide roughly that 
of the coagulate activity, it is suggested that the PAL 
1 rhythm directly driven by the molecular clock ma-
chinery in the local clock may account for the morn-
ing onset of myocardial infarction. 
 At present, the exhaustive DNA array analysis re-
Table 1. Output genes in the central and local clocks, which 
are regulated by molecular machinery composed of several 
clock-related genes. 
   Output gene Tissues Transcription Sequence mRNA Functions 
                           factors for rhythmic peak 
                                     expression time
  Vasopressin SCN Clock E-box ZT6 Unknown 
                                                (mouse) 
 ---- ------------------------------ -- ------
     PAM Heart, Clock, E-box ZT1O-17 fibrinolysis 
               brain BMAL2 (mouse) 
             endothelia (CLIF) 
               
1 cells, 
              kidney  ---------------------------- ------------------------------- 
cholesterol 7 Liver unknown unknown ZT11 neutral bile 
 alpha-hydroxyl (mouse) acid synthesis 
       ase  ------------------ - - ------------------------ --
   HMG-CoA Liver unknown unknown ZTI1 cholesterol 
    reductase (mouse) biosynthesis
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vealed that the number of rhythmically-regulated genes 
in the both liver and the heart was much more than 
we had prospected (8-10% of the genes expressed in ach 
tissue) (Storch et al., 2002). These include not only the 
transcriptional factors, but also genes encoding some 
disease risk factors such as proto-oncogenes, suggest-
ing some diseases including cancers and ischemic dis-
ease are under the control of the circadian clock. 
Therefore, chronotherapy against some diseases are 
recommended to increase the recovery of diseases and 
decrease side effects.
Feedback-regulation of the central clock by the 
local clock
 A lot of studies as described above have demon-
strated that the mammalian circadian system is hier-
archically organized so that the central clock located 
in the SCN may control the local clock in the periph-
eral organs in order to coordinate the physiological 
functions in a whole body. However, little is known 
about the feedback regulation of the SCN central 
clock by the local clock in the peripherals contrari-
wise. For example, glucocorticoid with a high ampli-
tude circadian rhythm failed to affect the phase of the 
central clock in the SCN (Balsalobre et al., 2000). Also, 
clock gene expression rhythms in the SCN was not 
changed by the restricted feeding schedule during 
daytime in the nocturnal mice, although the restricted 
F 7;, L, ,a „1 a~ +; ii-~T + the local , clock 
                                                                             111 lce.l11a sL11CU 1G Ulas L1lJa11J reset L11G lul.QI lclock 
the peripheral organs (Damiola et al., 2000; Hara et al., 
2001). Recently, we have suggested that estrogen is a 
candidate for peripheral signal which could regulate the 
central clock in the SCN since we observed that 17-
estradiol (E2) treatment extremely increased the mRNA 
levels of Cry2 in the SCN of the ovariectomized rats 
(Nakamura et al., 2001). After E2-treatment of ova-
riectomaized rats, there were also significant increases 
in the expression of connexin-36 mRNA, a gap junc-
tion gene which is known to mediate the interneuronal 
communication in the SCN central clock (Shinohara et 
al., 2001). 
 In the experimental animals, estrogen modifies the 
circadian characteristics of running rhythms in female 
hamsters and rats (Morin et al., 1977; Morin, 1980). 
Both entrained and free-running animals in a estrous 
cycle show a phase advance of locomotor activity 
rhythms on estrous days during which blood levels of 
estrogen are high (Morin et al., 1977). This change in 
the activity rhythm throughout the estrous cycle may 
be caused by a direct effect of estrogen on the circadian 
clock, since the period of activity rhythm is shortened 
when estrogen is implanted in ovariectomized (OVX)
rats (Albers, 1981) and hamsters (Morin et al., 1977). 
Together with our current studies, these behavioral 
studies suggest that estrogen a signal from the local 
clock affects the expression of the clock genes in the 
SCN central clock. 
 Furthermore, in humans, we recently found a sighted 
woman with premenstrual syndrome who showed 
menstrual changes in circadian rhythms (Shinohara et 
al., 2000) (Fig. 3). She showed alternative phase shifts 
in the sleep rhythm in the menstrual cycle: progres-
sive phase advances in the follicular phase and phase 
delays in the luteal phase, suggesting that her 
circadian rhythms in sleep are under the control of 
ovarian steroid hormones. Thus, the feedback regula-
tion of the SCN central clock by the peripheral clock 
is also suggested in humans.
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Figure 3. The feedback regulation of the central clock in the 
SCN by ovarian steroid hormone such as estrogen and pro-
gesterone and alternative phase shifts in the sleep rhythm in 
the menstrual cycle in human women. The typical sleep pe-
riods were shown by gray bars and thick and doted arrows 
indicate the cascade during follicular phase and luteal phase, 
respectively. During follicular phase, estrogen released from 
ovary increases both Cry2 mRNA and connexin-36 mRNA 
followed by advances the phase of the central clock in the 
SCN, leading to the continuous advancing of sleep phase. In 
contrast, progesterone released during luteal phase delays the 
sleeping phase by preventing the estrogen's actions to in-
crease Cry2 and connexin-36 mRNA. FP: follicular phase, 
LP: luteal phase, MP: menstrual phase, OV: ovulation.
Discussion
In past 6 years, molecular mystery of circadian clock 
in the central and the local clock of mammals became 
clear. First, a number of current studies have given a
Takahiro Moriya et al : Clockworks in the Central and Peripheral Organs
picture of intracellular clockwork in which the two 
types of clock-related genes interact transcriptionally 
and post-translationally. Secondly, hierarchy of the 
mammalian circadian clock system is understood: the 
central clock located in the SCN controls the local 
clock in the peripherals in order to coordinate the 
physiological functions in a whole body. Finally, the 
molecular mechanism underlying that some physio-
logical and pathological events occur frequency dur-
ing limited time-of-day was revealed. However, it 
should be noted that our picture of the mammalian 
circadian system is yet incomplete and a lot of uni-
dentified factors involving the core clock machinery, 
entrainable signals and output signals still remained 
to be clarified. Also, we should address the possibility 
that clock genes plays a role in other functions other 
than circadian clocks, because Pert deletion mutant 
mice were recently proved to be cancer prone (Fu et 
al., 2002). There should be the connection between cell 
cycles and the circadian system, which has been in-
herited in organisms on the earth for 3.5 billion years.
References
1) Akiyama, M., Kouzu, Y., Takahashi, S., Wakamatsu, H., Moriya, T., 
    Maetani, M., Watanabe, S., Tei, H., Sakaki, Y., and Shibata, S. 
   Inhibition of light- or glutamate-induced mPerl expression re-
   presses the phase shifts into the mouse circadian locomotor and 
   suprachiasmatic firing rhythms. J Neurosci 19, 1115-1121, 1999
2) Albers, H. E. Gonadal hormones organize and modulate the 
   circadian system of the rat. Am -J Physiol 241, R62-66, 1981 
3) Aschoff, J., Fatranska, M., Giedke, H., Doerr, P., Stamm, D., and 
   Wisser, H. Human circadian rhythms in continuous darkness: 
   entrainment by social cues. Science 171, 213-215, 1971. 
4) Balsalobre, A., Brown, S. A., Marcacci, L., Tronche, F., Kellendonk, 
   C., Reichardt, H. M., Schutz, G., and Schibler, U. Resetting of 
   circadian time in peripheral tissues by glucocorticoid signaling.
   Science 289, 2344-2347, 2000 
5) Balsalobre, A., Damiola, F., and Schibler, U. A serum shock in-
   duces circadian gene expression in mammalian tissue culture cells. 
   Cell 93, 929-937, 1998 
6) Bunger, M. K., Wilsbacher, L. D., Moran, S. M., Clendenin, C., 
   Radcliffe, L. A., Hogenesch, J. B., Simon, M. C., Takahashi, J. S., 
   and Bradfield, C. A. Mop3 is an essential component of the master
   circadian pacemaker in mammals. Cell 103, 1009-1017, 2000. 
7) Damiola, F., Le Minh, N., Preitner, N., Kornmann, B., Fleury-Olela, 
   F., and Schibler, U. Restricted feeding uncouples circadian oscilla-
   tors in peripheral tissues from the central pacemaker in the 
   suprachiasmatic nucleus. Genes Dev 14, 2950-2961, 2000 
8) Fu, L., Pelicano, H., Liu, J., Huang, P., and Lee, C. The circadian 
   gene Period2 plays an important role in tumor suppression and 
   DNA damage response in vivo. Cell 111, 41-50, 2002 
9) Hara, R., Wan, K., Wakamatsu, H., Aida, R., Moriya, T., Akiyama, 
   M., and Shibata, S. Restricted feeding entrains liver clock without 
   participation of the suprachiasmatic nucleus. Genes Cells 6, 269-
   278, 2001 
10) Harrington, M. E., Hoque, S., Hall, A., Golombek, D., and Biello, S. 
   Pituitary adenylate cyclase activating peptide phase shifts
   circadian rhythms in a manner similar to light. J Neurosci 19, 
   6637-6642, 1999 
11) Honma, S., Kawamoto, T., Takagi, Y., Fujimoto, K., Sato, F., Noshiro, 
   M., Kato, Y., and Honma, K. Decl and Dec2 are regulators of the 
   mammalian molecular clock. Nature 419, 841-844, 2002
12) Ikeda, M., and Nomura, M. cDNA cloning and tissue-specific ex-
   pression of a novel basic helix-loop-helix/PAS protein (BMAL1:) 
   and identification of alternatively spliced variants with alterna-
   tive translation initiation site usage. Biochem Biophys Res Commun 
    233, 258-264, 1997 
13) Inouye, S. T., and Shibata, S. Neurochemical organization of circadian 
   rhythm in the suprachiasmatic nucleus. Neurosci Res 20, 109-130, 
  1994 
14) Jin, X., Shearman, L. P., Weaver, D. R., Zylka, M. J., de Vries, G. J., 
   and Reppert, S. M. A molecular mechanism regulating rhythmic 
   output from the suprachiasmatic circadian clock. Cell 96, 57-68, 
  1999 
15) Kessler, C. A. Chronotherapy. Treating patients in a timely fash-
   ion. Adv Nurse Pract 10, 41-46, 2002 
16) King, D. P., and Takahashi, J. S. Molecular genetics of circadian 
   rhythms in mammals. Annu Rev Neurosci 23, 713-742, 2000 
17) King, D. P., Zhao, Y., Sangoram, A. M., Wilsbacher, L. D., Tanaka, 
    M., Antoch, M. P., Steeves, T. D., Vitaterna, M. H., Kornhauser, J. 
   M., Lowrey, P. L., et al. Positional cloning of the mouse circadian 
   clock gene. Cell 89, 641-653, 1997 
18) Kume, K., Zylka, M. J., Sriram, S., Shearman, L. P., Weaver, D. R., 
   Jin, X., Maywood, E. S., Hastings, M. H., and Reppert, S. M. 
   mCRY 1 and mCRY2 are essential components of the negative
   limb of the circadian clock feedback loop. Cell 98, 193-205, 1999 
19) Maemura, K., de la Monte, S. M., Chin, M. T., Layne, M. D., Hsieh, 
    C. M., Yet, S. F., Perrella, M. A., and Lee, M. E. CLIF, a novel cy-
   cle-like factor, regulates the circadian oscillation of plasminogen
   activator inhibitor-1 gene expression. J Biol Chem 275, 36847-
   36851,2000 
20) Maywood, E. S., Mrosovsky, N., Field, M. D., and Hastings, M. H. 
   Rapid down-regulation of mammalian period genes during behav-
   ioral resetting of the circadian clock. Proc Natl Acad Sci U S A 
   96, 15211-15216, 1999 
21) McNamara, P., Seo, S. P., Rudic, R. D., Sehgal, A., Chakravarti, D., 
   and FitzGerald, G. A. Regulation of CLOCK and MOP4 by nuclear 
   hormone receptors in the vasculature: a humoral mechanism to 
   reset a peripheral clock. Cell 105, 877-889, 2001 
22) Messager, S., Ross, A. W., Barrett, P., and Morgan, P. J. Decoding 
   photoperiodic time through Perl and ICER gene amplitude. Proc 
   Natl Acad Sci U S A 96, 9938-9943, 1999 
23) Minami, Y., Furuno, K., Akiyama, M., Moriya, T., and Shibata, S. 
   Pituitary adenylate cyclase-activating polypeptide produces a phase
   shift associated with induction of mPer expression in the mouse 
   suprachiasmatic nucleus. Neuroscience 113, 37-45, 2002 
24) Moore, R. Y., and Eichler, V. B. Loss of a circadian adrenal 
   corticosterone rhythm following suprachiasmatic lesions in the 
   rat. Brain Res 42, 201-206, 1972 
25) Morin, L. P. Effect of ovarian hormones on synchrony of hamster 
   circadian rhythms. Physiol Behav 24, 741-749, 1980 
26) Morin, L. P., Fitzgerald, K. M., and Zucker, I. Estradiol shortens 
   the period of hamster circadian rhythms. Science 196, 305-307, 
  1977 
27) Moriya, T., Horikawa, K., Akiyama, M., and Shibata, S. Correlative 
   association between N-methyl-D-aspartate receptor-mediated ex-
   pression of period genes in the suprachiasmatic nucleus and 
   phase shifts in behavior with photic entrainment of clock in ham-
   sters. Mol Pharmacol 58, 1554-1562, 2000 
28) Nakamura, T. J., Shinohara, K., Funabashi, T., and Kimura, F. 
   Effect of estrogen on the expression of Cryl and Cry2 mRNAs in 
   the suprachiasmatic nucleus of female rats. Neurosci Res 41, 251-
   255, 2001 
29) Nonaka, H., Emoto, N., Ikeda, K., Fukuya, H., Rohman, M. S., Raharjo, 
    S. B., Yagita, K., Okamura, H., and Yokoyama, M. Angiotensin II 
   induces circadian gene expression of clock genes in cultured vas-
   cular smooth muscle cells. Circulation 104, 1746-1748, 2001 
30) Qiu, J. M., Roberts, S. A., and Potten, C. S. Cell migration in the 
   small and large bowel shows a strong circadian rhythm. Epithelial 
   Cell Biol 3, 137-148, 1994 
31) Ralph, M. R., Foster, R. G., Davis, F. C., and Menaker, M. 
   Transplanted suprachiasmatic nucleus determines circadian pe-
   riod. Science 247, 975-978, 1990 
32) Rosenwasser, A. M., Trubowitsch, G., and Adler, N. T. Circadian 
   rhythm in metabolic activity of suprachiasmatic, supraoptic and
Takahiro Moriya et al : Clockworks in the Central and Peripheral Organs
   raphe nuclei. Neurosci Lett 58, 183-187, 1985 
33) Rutter, J., Reick, M., Wu, L. C., and McKnight, S. L. Regulation of 
   clock and NPAS2 DNA binding by the redox state of NAD cofac-
   tors. Science 293, 510-514, 2001 
34) Sakamoto, K., Nagase, T., Fukui, H., Horikawa, K., Okada, T., 
    Tanaka, H., Sato, K., Miyake, Y., Ohara, 0., Kako, K., and Ishida, N. 
   Multitissue circadian expression of rat period homolog (rPer2)
   mRNA is governed by the mammalian circadian clock, the 
   suprachiasmatic nucleus in the brain. J Biol Chem 273, 27039-
   27042,1998 
35) Shearman, L. P., Zylka, M. J., Weaver, D. R., Kolakowski, L. F., Jr., 
   and Reppert, S. M. Two period homologs: circadian expression
   and photic regulation in the suprachiasmatic nuclei. Neuron 19, 
   1261-1269, 1997 
36) Shibata, S., Oomura, Y., Kita, H., and Hattori, K. Circadian rhyth-
   mic changes of neuronal activity in the suprachiasmatic nucleus 
   of the rat hypothalamic slice. Brain Res 247, 154-158, 1982
37) Shigeyoshi, Y., Taguchi, K., Yamamoto, S., Takekida, S., Yan, L., 
    Tei, H., Moriya, T., Shibata, S., Loros, J. J., Dunlap, J. C., and
   Okamura, H. Light-induced resetting of a mammalian circadian 
   clock is associated with rapid induction of the mPerl transcript. 
   Cell 91, 1043-1053, 1997 
38) Shinohara, K., Funabashi, T., Nakamura, T. J., and Kimura, F. 
   Effects of estrogen and progesterone on the expression of connexin-
   36 mRNA in the suprachiasmatic nucleus of female rats. Neurosci 
   Lett 309, 37-40, 2001 
39) Shinohara, K., Funabashi, T., Nakamura, T. J., Mitsushima, D., and 
   Kimura, F. Differential regulation of pituitary adenylate cyclase-
   activating peptide receptor variants in the rat suprachiasmatic nucleus. 
   Neuroscience 110, 301-308, 2002 
40) Shinohara, K., Uchiyama, M., Okawa, M., Saito, K., Kawaguchi, M., 
   Funabashi, T., and Kimura, F. Menstrual changes in sleep, rectal 
   temperature and melatonin rhythms in a subject with premen-
   strual syndrome. Neurosci Lett 281, 159-162, 2000 
41) Silver, R., Lehman, M. N., Gibson, M., Gladstone, W. R., and 
   Bittman, E. L. Dispersed cell suspensions of fetal SCN restore 
   circadian rhythmicity in SCN-lesioned adult hamsters. Brain Res 
   525, 45-58, 1990 
42) Storch, K. F., Lipan, 0., Leykin, I., Viswanathan, N., Davis, F. C., 
   Wong, W. H., and Weitz, C. J. Extensive and divergent circadian 
   gene expression in liver and heart. Nature 417, 78-83, 2002 
43) Sun, Z. S., Albrecht, U., Zhuchenko, 0., Bailey, J., Eichele, G., and 
   Lee, C. C. RIGUI, a putative mammalian ortholog of the Drosophila 
   period gene. Cell 90, 1003-1011, 1997
44) Takumi, T., Taguchi, K., Miyake, S., Sakakida, Y., Takashima, N., 
    Matsubara, C., Maebayashi, Y., Okumura, K., Takekida, S., Yamamoto, 
   S., et al. A light-independent oscillatory gene mPer3 in mouse 
   SCN and OVLT. Embo J 17, 4753-4759, 1998 
45) Tei, H., Okamura, H., Shigeyoshi, Y., Fukuhara, C., Ozawa, R., Hirose, 
   M., and Sakaki, Y. Circadian oscillation of a mammalian homo-
   logue of the Drosophila period gene. Nature 389, 512-516, 1997 
46) Terazono, H., Mutoh, T., Yamaguchi, S., Kobayashi, M., Akiyama, 
    M., Udo, R., Ohdo, S., Okamura, H., and Shibata, S. Adrenergic 
   regulation of clock gene expression in mouse liver. Proc Natl Acad 
   Sci U S A 16, 16, 2003 
47) van der Horst, G. T., Muijtjens, M., Kobayashi, K., Takano, R., 
    Kanno, S., Takao, M., de Wit, J., Verkerk, A., Eker, A. P., van 
   Leenen, D., et al. Mammalian Cryl and Cry2 are essential for 
   maintenance of circadian rhythms. Nature 398, 627-630, 1999 
48) Vitaterna, M. H., King, D. P., Chang, A. M., Kornhauser, J. M., 
    Lowrey, P. L., McDonald, J. D., Dove, W. F., Pinto, L. H., Turek, F. 
   W., and Takahashi, J. S. Mutagenesis and mapping of a mouse
   gene, Clock, essential for circadian behavior. Science 264, 719-725, 
  1994 
49) Yamazaki, S., Numano, R., Abe, M., Hida, A., Takahashi, R., Ueda, 
    M., Block, G. D., Sakaki, Y., Menaker, M., and Tei, H. Resetting 
   central and peripheral circadian oscillators in transgenic rats. 
   Science 288, 682-685, 2000 
50) Yan, L., Takekida, S., Shigeyoshi, Y., and Okamura, H. Perl and 
   Per2 gene expression in the rat suprachiasmatic nucleus: circadian 
   profile and the compartment-specific response to light. Neuroscience 
   94, 141-150, 1999 
51) Zheng, B., Albrecht, U., Kaasik, K., Sage, M., Lu, W., Vaishnav, S., 
    Li, Q., Sun, Z. S., Eichele, G., Bradley, A., and Lee, C. C. 
   Nonredundant roles of the mPerl and mPer2 genes in the mam-
   malian circadian clock. Cell 105, 683-694, 2001 
52) Zhou, Y. D., Barnard, M., Tian, H., Li, X., Ring, H. Z., Francke, U., 
   Shelton, J., Richardson, J., Russell, D. W., and McKnight, S. L. 
   Molecular characterization of two mammalian bHLH-PAS domain 
   proteins selectively expressed in the central nervous system. Proc 
   Natl Acad Sci U S A 94, 713-718, 1997 
53) Zylka, M. J., Shearman, L. P., Weaver, D. R., and Reppert, S. M. 
   Three period homologs in mammals: differential light responses in 
   the suprachiasmatic circadian clock and oscillating transcripts 
   outside of brain. Neuron 20, 1103-1110, 1998
